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ABSTRACT 
The photodynamic lethal response of Gram negative bacteria was found to be a 
one event phenomenon as previously reported. However, the kinetics of the lethal 
response in Gram-positive  microorganisms  was found to be more complex. The sur- 
vivor response  of the latter was dividable into at least two distinct parts, each of 
which could be influenced by various environmental and genetic factors. Some correla- 
tion was found between sensitivity or resistance  to x-ray and ultraviolet radiations 
and sensitivity or resistance  to photodynamic action. 
Since  the  discovery of  photodynamic  action  by  Raab  (1900),  numerous 
articles have been published  on this  unique response  (see Blum,  1941,  and 
Clare,  1956,  for reviews); however, the precise mechanism of action involved 
in  photodyn_~mlc response  is  as  yet  poorly understood.  In  many  respects, 
bacteria are ideal experimental tools for a  thorough investigation of photo- 
dynamic action, yet relatively few quantitative investigations have been carried 
out with these forms of life. Among the best such work is that clone by Kaplan 
(1955). 
As  an  initial  study  of photodynamic  action  on  bacteria,  it  was  decided 
to  investigate  the  kinetics  of photodynmnic inactivation  and  to  determine 
whether any correlation existed between sensitivity to photodynamic  action 
and sensitivity to other types of irradiation. 
Materials and Methods 
The  organisms  used  in  these  studies  were:  Staphylococcus pyogenes var.  aureus 
FDA 209, maintained on nutrient agar; Chromobacterium oiolaceura obtained from the 
University of Texas and maintained on nutrient agar; Nocardia corallina ATCC 4273, 
maintained on nutrient agar containing 1 per cent fructose; and three other strains of 
N. corallina, also maintained on fructose agar. The other N. corallina strains were a 
naturally occurring  radiation-resistant strain  (Frady and  Clark,  1956), a radiation- 
sensitive  strain  obtained  by successive  irradiation  (Clark  and  Webb,  1957). The 
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sensitivity or resistance of these strains applied to both x-ray and ultraviolet irradia- 
tion. All cultures were incubated at 29°C. since previous experiences in this laboratory 
had shown that dumping of the organisms used was minimized at this temperature. 
Four-day-old cultures of the organisms were harvested in physiological  saline and 
vigorously shaken on a  vibratory shaker to break up dumps. Large dumps which 
resisted the shaking action were  removed by differential  centrifugation.  Each  sus- 
pension was then checked with the phase microscope  and unless  it consisted  of over 
90 per cent single cells, it was discarded.  The Nocardia and  Staphylococcus cultures 
were  found  to  yield  consistently unicellular,  uninudear  forms under  the  cultural 
conditions  used.  Ackromobacter and Esckerickia cultures frequently contained multi- 
nuclear cells. 
The cell suspensions  were diluted to approximately 10,000 cells per ml. and 2 mL 
of such suspensions were pipetted into a Prickett tube containing 18 ml. of erythrosin 
B in a  1:20,000  dilution.  The dye solution  was prepared fresh daily. This procedure 
and all subsequent steps, except the irradiation, were performed in subdued  light or 
in the dark. 
The dye-organism mixture was shaken to insure uniform distribution and allowed 
to stand for 8 minutes before irradiation to allow adequate dye penetration and/or 
adsorption.  After this  "dark reaction" time,  a  sample was removed, diluted,  and 
plated  in  nutrient agar to give a  0 point determination.  The suspension was then 
placed 3 cra. from a 30 watt daylight fluorescent  tube; at this distance the radiant 
intensity was 700 foot-candles.  During the irradiation, samples were removed at  1 
minute intervals and plated in nutrient agar. All plates were incubated in the dark 
for 3 days before colony counts were made. 
RESULTS AND DISCUSSION 
The photoinactivation of the Gram-negative cells  occurred at an exponential 
rate (Fig. I). However,  the response curve of the Gram-positive  cells  con- 
sisted of at least  two distinct  sections,  each of which was variable,  depending 
on the organism and conditions used (Fig. 2). The first section of the response 
curve is represented by a lag period in which no lethal activity was detectable. 
This  latent period at  the  beginning  of photodynamic response has  been re- 
ported for other forms of life such  as echinoderm eggs,  red blood cells,  and 
human muscle issue  (Blum,  1941).  The duration of this period was found to 
vary inversely with  increase  in  light  intensity,  although  light  intensity  has 
no detected effect on the remainder of the photodynamic response under the 
conditions used. The second section of the curve represented the killing activity. 
This section was a  sigmoidal or multi-event curve. 
When Gram-positive cells were placed in the presence of the dye, irradiated 
until the killing effect began, and then placed in the dark, the results shown 
in Fig.  3 were obtained. The lack of continued killing during the dark period 
indicates the necessity of continued light activation of a  toxic molecule. How- 
ever, the continuation of killing when the light was  resumed and  the absence 
of a  second  lag period suggest  that  the  light may also be necessary in  the 
mechanism involved in the penetration of the cell by the dye molecule. ,oo  
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FxG. 1. The photodynsmic lethal response of Chromobact~r/um v/o~z~m. 
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FIG. 2. The photodynamic lethal response of Noc~rd~ cor~l~r.~ and Staphylococc~ 
aureus. Curve 1, Nocardia corallina;  curve 2, Staphylococcus  aureus. 
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The results obtained with the various strains of N.  corallina are shown in 
Fig.  4.  The  naturally  occurring  radiation-resistant  strain  was  much  more 
resistant to photodynamic action that the parent strain. It displayed a longer 
lag  period and more resistance  to  the killing  action.  This strain  displays  a 
multi-event x-ray survivor response that is significantly more resistant  than 
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FIG. 3. The photodynamic lethal response of Nocardia  corallina with interrupted 
irradiation. (Light turned off at 1 and resumed at 2.) 
the multi-event x-ray survivor response  of the parent strain. The radiation- 
sensitive strain had a  shorter lag period and the rate of killing was  greater 
than in the parent strain. This sensitive strain was the result of three succes- 
sive  x-irradiations  of  the  parent  and  contained many  unpaired,  radiation- 
induced defects (Clark and Webb,  1957).  As a result of the unpaired defects, 
this  strain  displays  a  single-event x-ray  survivor  response.  The  radiation- 
resistant  strain which was  obtained after eight successive x-irradiations had C.  L.  BAUGH  AND  J.  B.  CLARK  921 
a  shorter lag period than the parent strain, but otherwise  the photodynamic 
response was essentially the same.  This particular strain is resistant to both 
ultraviolet light and x-ray, and displays a single-event x-ray survivor response. 
However,  it was obtained originally by collecting survivors from eight succes- 
sive x-irradiations and this prodedure may have resulted in a very damaged 
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FIG. 4. The  photodynamic  lethal  response  of  four  strains  of Nocard~  coralJina. 
Curve 1, naturally occurring radiation-resistant strain; curve 2, parent strain; curve 
3, x-ray-treated radiation-resistant strain; curve 4, x-ray-treated x-ray-sensitive strain. 
population. The short lag period obtained with this strain can serve as addi- 
tional evidence that the lag period involves dye penetration, since this much 
irradiated strain may have greater membrane permeability than the parent 
strain. 
There is some correlation between radiation resistance  and photodynamic 
response. It appears  plausible  that a cell may inherit resistance  to the photo- 
dynamic lethal action, but it is not possible to ascertain on the basis of these 
limited experiments  whether this resistance  is directly associated  with other 922  PHOTODYNAMIC  RESPONSE  INBACTERIA 
radiation resistance. A better understanding  of photodynamic action in bacte- 
ria will be necessary before a satisfactory solution can be found to this problem. 
The different mechanism kinetics found in Gram-positive and  Gram-nega- 
tive cells suggests  that  a  significant portion  of the response is a  cell surface 
phenomenon. 
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